The giant spin Hall effect reported in industrially viable W and Ta nonmagnetic materials has an immense potential to realize energy efficient spin orbit torque based spintronic devices.
INTRODUCTION
Pure spin current based spintronic devices have advantages over conventional microelectronic devices owing to low energy dissipation, fast switching, and high-speed data processing etc., and can be integrated with microelectronic semiconductor devices for better functionality [1] [2] [3] [4] . These new spintronic devices mainly work on the principles of the spin manipulation employing the spin Hall effect (SHE) and the Rashba Edelstein effect (REE). The basic building block of spin devices is comprised of ferromagnetic (FM)/ non-magnetic (NM) bilayers, and the NM layers and their interfaces should possess strong relativistic spin-orbit interaction (SOI). The relativistic SOI can be bulk as well as of interfacial nature, and it generates spin orbit torques (SOTs), i.e. damping-like (DL) and field-like (FL) SOTs [4] [5] [6] [7] [8] . A charge current applied to SHE and REE based devices generates a transverse spin current and therefore a spin orbit torque at the FM/NM interface, which can be used to manipulate the FM state [4] [5] [6] [7] . In contrast, devices based on the inverse effects, the inverse SHE (ISHE) and inverse REE (IREE) convert a spin current generated by spin pumping into a charge current in the NM layer by the ISHE and at the FM/NM interface by the IREE [6] [7] [8] [9] [10] [11] [12] . Bulk SOI of the NM layer is responsible for the SHE and ISHE mechanisms [2, 4, 5, 8] , while interfacial SOI of the FM/NM interface is responsible for the REE and IREE mechanisms [6, 7, 9, 10] . Recently, a strong DL SOT in bare epitaxial ferromagnetic semiconductor (Ga,Mn)As thin films has been reported, the origin of which lies in the crystal inversion asymmetry induced Berry curvature [7] . Therefore, spin manipulation in the bulk or at the interface plays a decisive role in building the next generation of spintronics devices, viz. spin torque magnetic random access memories (STMRAMs), spin logic devices, ST-transistors and ST-nano-oscillators [4] . However, to optimize the bilayer stacks for devices, one needs to control properties like spin backflow, spin memory loss and magnetic proximity effects that may arise at/near the interface in FM/NM bilayer structures, properties that demean the overall spin transport in the structures [3, [13] [14] [15] [16] [17] [18] [19] . Spin backflow arises from non-equilibrium spin accumulation at/near the interface, which depends on the nature of the FM/NM interface and the band mismatch between the FM/NM layers [13] [14] [15] [16] [17] [18] [19] .
More quantitatively it critically depends on the ratio between the spin-conserved and spin-flip relaxation times [3, [13] [14] [15] [16] [17] [18] [19] . When ≤ 0.001, which is the case for weak SOI systems, e.g. Ag,
Au and α-Ta, the NM layer interfaced with a FM layer generates significant spin back flow in spin pumping measurements due to poor spin sink properties. Contrarily, for ≥ 0.1, in case of strong SOI systems, e.g. Pt, the NM layer acts as a perfect spin sink, which results in zero spin back flow [13] [14] [15] [16] [17] [18] [19] . However, when 0.001 ≤ ≤ 0.1, which is likely to be the case for β-Ta and β-W, the interface with the FM layers can also create a non-equilibrium spin density accumulation and hence spin backflow during spin pumping [13] [14] [15] [16] [17] [18] [19] . It should be noted that the spin current will not dissipate spin angular momentum in the NM layer on length scales shorter than the spin diffusion length ( ) [18] . The SOI values of β-W and β-Ta are 0.027 Ry and 0.023 Ry, respectively, comparable to that of Pt (0.030 Ry) [20] [21] . However, the reported values of the spin Hall angle, SHA, ( ) vary in the range of 0.12-0.40 (2-4 nm) and 0.006-0.160 (1-7 nm) for β-W and β-Ta, respectively [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . It is known that the spin current at the interface also exhibits spin memory loss, in conjunction with spin backflow, in the presence of interfacial SOI, by creating a parallel relaxation path for the spin current [3, [32] [33] [34] [35] . Based on the above discussions, it is imperative to investigate how spin backflow and spin memory loss affect the spin current when β-W and β-Ta are interfaced with epitaxial FM layers.
In this work, spin pumping measurements were performed on β-W(β-Ta)/epi- 
where ∆ 0 R represents the magnetic inhomogeneity contribution to damping. In the present case, the observed value of ∆ 0 for all samples fall in the range from a few tenth of mT to ∼5 mT (cf. Fig. 3(c) , the vs.
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plot clearly reveals a linear dependence. The 1 ⁄ dependence of in both of these cases evidently signifies the contribution from spin pumping to the damping. An increase of with decreasing follows an expression [44] [45] : 
Out-of-plane FMR
The out-of-plane FMR spectra were obtained by measuring the complex transmission scattering parameter 21 . During these measurements the VNA was utilized to record the complex transmission parameter 21 of the microwave signal at different constant frequencies in field sweep mode (for more details see Refs. [46, 47] ). For a detailed study of the spin pumping mechanism it is necessary to investigate how depends on the thickness of the non-magnetic layer, ; NM=Ta, W. Here
, where ( ) includes interfacial contributions such as spin back flow [13] [14] [15] [16] [17] [18] [19] and SML [32] [33] [34] [35] . 
It should be noted that in Eq. (5) / ↑↓ ( ) at the interface is different on the NM and FM sides due to spin memory loss. For the NM side it can be written as [33, 49] (6) while for the FM side the expression is
In Eqs. (6) and (7) 
where
is the symmetric and ( ) = ( ) × 
The line-shape parameters , , and ∆ were obtained by fitting the STFMR spectra using . In order to make a more reliable estimation of the SHA, one can use the dc current modulation of damping (MOD) method, for which the spin pumping (ISHE) contribution is absent. In the MOD method there is only a rate of change of STFMR linewidth at a given applied frequency, therefore effective damping with respect to the applied dc charge current density in NM layer is required [52] [53] [54] . The dc current modulation of the effective Gilbert damping ( ) is given by [53, 54] employing interfacial torques [58] . In these structures, the presence of non-negligible interfacegenerated spin currents stem from FM/Ti and Ti/CoFeB interfaces [58] . Since TiN bulk SOI is very low, its spin diffusion length is 43 nm [59] . Therefore, we anticipate that in our results, the FM/TiN interface plays a significant role in the enhancement of the effective damping modulation, which might originate from Berry curvature induced torques at the interface.
However, to conclude with certainty on the origin of the enhanced damping modulation will require detailed theoretical analysis as well as further experimental studies. 
MATERIALS AND METHODS
Epitaxial Co 60 Fe 40 thin films were prepared at 300 o C on TiN(200) [100]/Si substrates by pulsed dc magnetron sputtering technique using 99.99% pure sputtering targets. The sputtering chamber was evacuated to 2×10 -7 Torr base pressure and during film growth the Ar gas working pressure was maintained at 3×10 -3 Torr. Here epitaxial TiN acts as buffer layer for compensating the lattice mismatch between the Si substrate and the CoFe layer [60, 61] . The growth details of TiN were reported in our previous work [41, 57, 62] . In-situ film growth was monitored by highpressure reflection high energy electron diffraction (RHEED) (STAIB Instruments) and recorded RHEED patterns were analyzed using the KSA-400 software. After the growth of the epi- measurements in the frequency range of 10-30 GHz, and X-band cavity FMR measurements at the frequency of 9.8 GHz, respectively. In all FMR measurements the magnetic field was swept from high to low value while the frequency was kept constant during the measurement. The Xband cavity FMR setup is equipped with a goniometer to perform in-plane angular-dependent FMR measurements; these results are consistent the cubic anisotropy of the FM films (see supplementary materials). In the in-plane FMR configuration, the resonance field and linewidth ∆ of the spectrum were determined by using a lock-in-amplifier based FMR technique [46] . The out-of-plane FMR measurements were performed in a Quantum Design physical property measurement system using vector network analyzer (VNA) FMR technique; magnetic fields up to 4T were employed [47] . 
Reports
Studied heterostructure % modulation at 10 9 A/m 2 Kasai et al., [58] Pt(3.5nm)/Py(1.4nm) 0.13 Tiwari et al., [40] β-Ta/epi-Py(10)/TiN(8)/Si 4.80 Liu et al., [57] Pt(6nm)/Py(4nm) ∼0.03 Ganguly et al., [60] Co Table S2 Magnetic anisotropic parameters of W/epi-CoFe/TiN/Si and Ta/epi-CoFe/TiN/Si thin films system determined from the fittings of in-plane vs. 0 using Eq. S1.
